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ABSTRACT
The Anti-Thyroid Effects of Halogenated
Phenols and Pyridinols
by
Leland Steven Beck, Master of Science
Utah State University, 1976
Major Professor: Dr. Joseph C. Street
Department: Animal Science (Toxicol ogy)
This research was initiated to determine the mechanism(s) of
action that could exp lain increased weight gain and decreased milk
production i n dairy cattle fed corn silage containi ng r esidues of certain organophosphate pesticides.

It was proposed that the mode of

action involved and alteration of thyroid physi ology by the metabolites
of the pesticides, namely halogenated phenols.

Studies were carried

out to determine the effect of tri-halogenated phenols and pyridinols
upon T -bind ing to bovine serum albumin (BSA) and to liver mito chondria
4
isolated from male rats.

Using the rat as a model, feeding trials were

performed to determine the effect of halogenated phenols and pyridinols
on rate of gain, relative thyroid weight, thyroid histology, and serumT levels.
4
In vitro results with BSA indicated that the mechanism could have
involved competition between T and the phenol for the T -binding
4
4
site(s) of serum proteins, thus possibly lowering the serum-T

4

level.

This was not well substantiated by in vivo measurement s of serum-T

1:.

4

levels from rats fed varying concentrations of halogenated phenols .

viii

The methods employed to determine the effect of halophenols upon r

4

binding to mitochondria indicated that these compounds are poor
competitors for the T -binding site on mitochondria.
4

At the dose

levels employed, there appeared to be no uniform dose response relat ionship between the various halogenated phenols and pyridinols and thyroid
histology, relative thyroid weight and feed efficiency.
(81 pages)

:

i
i

I
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INTRODUCTION
Organophosphate insecticides are in wide use for the control of
insects that damage crops used in the livestock industry.

Leptophos

(Phosvel) (0-(4-bromo-2,5-dichlorophenyl)-0-methyl-phenyl phosphorothioate] when fed to dairy cattle as residues on corn silage was
obs erved to increase body gains and decrease milk production, while
not affecting feed intake (Johnson et al., 1971).

This affect appears

to be quite unique and has not been seen with other organophosphate
insecticides.

The results produced by Leptophos indicate an alteration

of thyroid physiology, either at the glandular level or upon the action
of its secretory products, thyroxine (T ) and thriiodothyroni ne (T ).
4
3
The mammalian metabolite of Leptophos is 4-bromo-2,5-d ichlorophenol.
Several other organophosphate insecticides have halogenaten phenolic
metabolites.

It is proposed that halogenated phenolic metabol ites of

these insecticides are the effective agents in producing the antithyroid-like responses and that other related halogenated phenols may
act similarly .
Halogenated phenols may affect thyroid physiology at several loci.
This research project investigated three primary areas and attempted to
duplicate in the rat the growth and feed efficiency effect reported in
dairy cattle.

The first area investigated was the in vitro effect

halogenated phenols had upon T -binding to bovine serum albumin (BSA) .
4
Earlier reports had indicated that halogenated phenols selectively
displaced T from the primary T -binding site of human serum albumin
4
4

2

(Tabachnick, Downs, and Giorgio, 1970).
sought using bovine serum albumin.

Confirmation of this was

The effect of halogenated phenols

on T 4-mitochondrial interaction was investigated since it is believed
that binding of thyroxine to mitochondria is a necessary step in its
physiological action.

Finally, in vivo feeding trial s were performed

in order to detennine the effect of phenols upon serum- T levels, and
4
the possibility of direct action on the thyroid gland.
For purposes of presentation the major areas of study will be
divided into three categories:

(1) in vivo studies examining feed

efficiency, relative thyroid weight, thyroid histology, and serum-T

4
levels; (2) the effect of halogenated phenols upon the binding of T
4
to bovine serum albumin, and (3) the effect of halogenated phenols upon
the binding of T to isolated rat-liver mitochondria.
4

3

REVIEW OF LITERATURE
The pharmacology and physiology of the thyroid gland have been
recently reviewed by As twood (1970) and Ganong (1973).

The following

sections of anatomy, secretory products, biosynthesis, and secret ion
are brief summaries of Ganong's presentat ion.
Thyroid hormones have been shown to stimulate oxygen consumption
in most cells, regulate lipid and carbohydrate metabolism , and a r e
necessary for normal growth.

Hypothyroidism, which is the state of

reduced levels or absence of thyroid hormones, causes growth retardation while hyperthyroidism produ ces an increase in metabolic rat e
resulting in body wasting, excess heat prodcction, and nervou sness
(Ganong, 1973).
Anatomy
The thyroid is a bilobed gland in most species with each lobe
sit uated laterally at the base of the larynx.

The lobes are connected

by a thin thyroid isthmus that runs ventrally across the larynx .

The

gland is composed of multiple follicles surrounded by a single layer
of thyroid cells, and has one of the highest rates of blood flow per
gram of tissue of any organ in the body.
Secr etory products
Thyroxine (T ) and tri iodothy roni ne (T ) are the chief secretory
4
3
products of the thyroid gland and the only hormones of this gland shown
to have the metabolic activit i es de scr ib ed.

4
Biosynthesis
T and T are iod inated L-amino acids that are produced in the
4
3
co lloid of thyroid follicles.

Biosynthesis involves ingestion of iodide

(I-) which is transported as iodide (I-) in the circulatory system.
The circulatory level of iod i de is low but through mechanisms as yet
unknown, the thyroid gland selectively traps iodide (Figure 1).

The

con centrated iodide is then rap idly oxidized to iodine by perox idase
in the colloid and then bound to tyrosyl residues of thyroglobulin at
the 3' position.
5' position .

Next, the monoiodotyrosine (MIT) is iodinated at the

Finally, thyroxine (T ) (incorporated into thyr oglobulin)
4

is prod uced through an oxidative condensation coupling of two diiodoty ro sine (DIT) molecul es with the release of alanine, while triiodothyronine (T ) production is a res ult of the condensation of a
3
monoiodo t y rosine and diiodotyrosine with the liberation of alanine from
MIT.
Secretion
Through a pinocytotic action, T

4

and T

3

bound to thyroglobulin

are taken into the thyroid cells from the colloid.

At this point the

peptide linkage between thyroglobulin and the thyroid hormones, along
with their precursors, MIT and DIT, is hydrolysed by lysosomal act ion.
T and T are then free to migrat e into the ci rculation while MIT and
4
3
DIT are enzymatic ally deiodinated s o that iodine can be reutilized.
Ef fe cts of thyroid hormones
General aspects.

Major physiologi c al effects of thyroid hormones

in the body include the induction of growth and maturation in mamma ls,

5
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Figure 1.

Schematic representation of the bios~Tnthesis of thyroxine
and triiodothvronine.

6

regulation of lipid metabolism and carbohydrate absorption from the
intestines (Ganong, 1973).

Reviewers conclude that most of the wide-

spread effects of thyroid hormones in the body are secondary to
stimulation of oxygen consumption.
Thyroxine and triiodothyronine increase the metabolic rate of the
whole animal and cause an in vitro increase in oxygen consumption of
almost all metabolically active tissues.

The adult brain, spleen,

lymph nodes, uterus, testes, and anterior pituitary gland are tissues
that do not increase oxygen consumption upon T administration.
4

Gross

(1971) has shown that the rate of oxygen consumption for normal rats
-2

ranges from 2.96 ±0.28 x 10
weight.

to 3.53 ±0.20 x 10

-2

ml

o2/min/g

body

Upon removal of the thyroid gland the rate of oxygen consurnp-

-2
tion is decreased to 2 . 5 ±0 .21 x 10
rnl 0/minig body weight.

The

rate of oxygen consumption in thyroidectomized rats is normali zed with
appropriate administration of T (Gross, 1971).
4
Of interest to this thesis project, Bullard and Andrews (1943)
showed that cattle with partially removed thyroid glands had significantly better rates of gain than controls .

This was attributed to a

decrease in thyroid activity which caused a decrease in metabolic rate
and consequently an increase in body weight.
The effect of thyroid hormones in restoring normal growth to
thyroidectomized rats (after daily injection of 0.5 mg T ) is one of
4
the most sensitive responses to be seen (Astwood, 1970).

Work done by

Roodyn, Freeman, and Tata (1965) indicates that the calorigenic action
of thyroid hormones may be secondary to the more fundamental growthpromoting and developmental actions of T and T .
4
3

It has also been

shown that normal T and T levels are required to maintain rate of
4
3
growth-hormone secretion (Ganong, 197 3).
Transport
Serum protein binding.

Wi th most species T binds to at lea s t
4

one serum protein and in some cases to as many as three (Refetoff ,
Robin, and Fang, 1970).

By contrast, it has been po stulated that T

3

remains unbound (Werner and Nauman, 1968), or is only very weakly
bound (Davis, Handwerger, and Gregerman, 1972) to serum proteins.
These binding prot eins in serum are: thyroxine-binding-globulin (TBG),
thyroxine-binding-prealbumin (TBPA), a nd albumin.

The T binding i n
4

vitro to these serum proteins is pH dependent (Coutsoftides and Gordon,
1970).

In the physiological range (pH 7 . 2- 7.8) there is a net

transfer of T from serum to Sephadex when the medium becomes more
4
acidi c .

Binding to albumin shows the greatest sensitivity to pH, with

a marked decrease in binding occurring as the pH becomes more acid ic.
In vivo studies with the rat have shown an effect on short term
distribution of T with a change in blood pH (Gordon and Coutsoftides,
4
1971) .

As blood pH increases, plasma T level increases.
4

As blood

pH becomes more acid i c, plasma T level decreases while liver and
4
kidney T levels increase.
4
Specifically of interest to this thesis project, members of the
order Artiodactyla (cattle, sheep, goat) were found to bind T to TBG
4
and albumin (Refetoff, Robin, and Fang, 1970; and Blincoe and Weeth,
1967) .

Using polyacrylamide gel slab electrophor esis, Davis,

Handwerger, and Gregerman (19 70) showed that the rat binds T to all
4

8

three serum proteins.

Refetoff, Robin, and Fang {1970), using agarose

gel electrophoresis, found that T binds only to albumin.
4

This dif-

ference is attributable to the use of dissimilar electrophoretic gels
and remai ns unresolved to the best of my knowledge.
Albumin.

Due to the availabilit y of purified serum albumin, much

work has been done to characterize the T -binding site of this protein .
4
Up to six molecules of T

4

will bind to one molecule of human serum

albumin (HSA) (Tritsch et al.,
si te.

19~1),

but there is one primary binding

The apparent as s ociation constant for the primary binding site

has been s hown to be between 1.0 x 10

5

-1

M

and 2.5 x 10

Rosen and Tabachnick , 1962; Sterling and Tabachnick,
al., 1961).

6

-1

M

lQ~l;

(Sterling,

Tritsch et

Tabachnick, Downs and Giorgio (1970) showed that the

requirements for binding of T to the primary bind i ng site of human
4
serum albumin (HSA) involve (1) the phenolic hydroxyl group, (2)
electronegative atoms in both the 3' and 5' position , and to some extent, (3) the diphenyl ether.

Ab s ence of anv of these factors from

the parent T structure reduces its relative binding affinity to
4
albumin .

Neither the free carboxyl nor the free

~-amino

group have

been found necessary for binding and T -binding is apparently non4
stereospecifi c (Tabachnick and Giorgio, 1964) .

I n contrast, Sterling

(1964) noted that the diphenyl ether structure is necessary for binding
to albumin and the alanine side chain, particula r ly the carboxyl group,
is necessary for the firmest binding.
Using circular dichroism, Okabe et al. (1975) showed the molecular
requirements for binding of T analogues to bovine serum albumin (BSA)
4
were similar to those for HSA. The association constant for BSA-T was
4

reported to he 1.9 x 10

6

M-l ± 25 percent (Steiner, Roth and Robbins,

1966).
TBG and TBPA.

Thyroxine-binding globulin binds T in a molar
4

ratio of 1:1 (Marshall and Penskey, 1971)

0

Hao and Tabachnick (1971)

isolated and purified TBG in order to study the requirements for T4binding.

It appeared that the presence of all four halogens was

required for optimal binding, along with a free phenolic hydroxyl
group .

The strongest binding occurred in the presence of the alanine

side chain and the diphenyl ether, but the free a-amino group was not
required (Tabachnick, Hao and Korcek, 1971; and ross and Tapley, 1966).
Unlike the requirements of T -binding to albumin, the inner ring of
4
thyroxine seems to play a more important role in T ·-TBG interaction.
4
Thyroxine is bound to one site on TBPA with an association constant of 1.3 x 10
FAelhoch, 1Q73).

8

M-l at pH 7.4 and 25° C (Pages, Robbins, and

Ross and Tapley (1966) demonstrated that the diiodo-

substituted phenolic r i ng is of major importance to T -TBPA binding
4
but the phenolic hydroxyl group is essential.

The diphenyl ether

group and free a-amino and carboxyl groups seemed to be nonessential.
Metabolism and regulation
Metabolism.

Thyroxine and T

3

are metabolized primarily via

hepatic microsomal enzyme action (Astwood, 1970).

In the liver T and
4

T are conjugated to form sulfates and glucuronides.
3

These products

pass into the intestines via biliary flow and can reenter circulation
(enterohepatic circulation) if the conjugates are hyd rolyzed (Ganong,
1973).

Otherwise, they are excreted in the feces.

T and T can also
4
3

be deiodinated, apparently in a random fashion (Surks and Oppenheimer,

10
1971), and then conjugated with sulfate or glucuronide.

In other

tissues, it has been shown that T and T can be deaminated to form
4
3
the pyruvic acid analogues and subs equently decarboxylated to produce
the acetic acid analogues (Ganong, 1973).
Regulation.

Thyroid function is regulated by the anterior

pituitary gland which secretes thyroid stimulating hormone (TSH).

In

turn, TSH secretion is regulated through a biofeedback mechanism based
on the level of circulating thyroxine, and in part via neutral mechanisms operating through the hypothalamus (Ganong, 1973).
TSH is a mucopolypeptide that is synthesized and stored as cytoplasmic granules in basophilic Schiff-positive cells of the anterior
pituitary gland.

It appears that TSH contains a core which is biologi-

cally active and is surrounded by nonessential papain-digestible peptide.
TSH-releasing factor (TRF), a tripeptide secreted by the hypothalamus,
causes a discharge of preformed TSH from the pituitary gland.

The dis-

charged TSH then caus es an increase in the blood flow of the thyroid
gland and activates adenyl cyclase through an interaction with a
specific binding site on the thyroid c ell membrane.

The resultant in-

crease in cellular cyclic adenylic acid (cAMP) produces a rapid increase
in pinocytosis of colloid such that the circulatory T level is
4
increased.

In conjunction with the rate of pinocytotic activity, the

rate of protein synthesis thyroglobulin) is also increased (Liberti and
Stanbury, 1971).
Cellular binding of T

4

and T

3

Thyroxine and T have been shown to bind to phospholipid membranes
3
(Hillier, 1970) as well as to cytos ol or soluble proteins (Hamada et

11
al., 1970), nuclear proteins (Surks, Koerner , and Oppenheimer, 1975;
and Oppenheimer et al., 1973), and to mitochondria and other subcellular particles (Tapley and Basso, 1959; and Tata, Ernster, and
Suranyi, 1962).
Bound thyroid hormones tend to be aggregated at membrane surfaces in a nonspecific way.

This may serve as an initial step in

transferring the hormone to its site of action or metabolism within a
cell (Hillier, 1970).
Rats have been shown to
bind T or T .
4
3

~ave

soluble proteins in the liver that

It is believed that these proteins may have significant

i ntracellular transport functions and may regulate the amount of free
hormone within the cell (Hamada et al., 1970).

Since free hormones

within the cell should be in direct contact with active sites of the
target organs , it seems probable that the intracellular T -binding
4
protein and T binding protein may be controlling factors of their
3
hormonal action.

The cellular T -hinding protein has a much lower
4

affinity than that of serum T -binding globulin but the T -binding
4
3
affinity of the soluble liver protein is of the same order of magnitude
as that of T -binding serum proteins (Hamada et al., 1970).
3
For hormonal activity, triiodothyronine binding to nuclear receptors requires the presence of a single bulk substitution (not necesaarily iodine) in the 3' position of the phenolic ring, and similar
substitutions in the 3 and 5 positions of the inner ring (Oppenheimer
et al., 1973).

The T -binding site has been shown to be present in
3

chromatin-associated nonhistone proteins, with an apparent association
constant of 4.7 x 10

11

1
M- .

That is twenty times greater than the

u
associ ation constant for T binding to nuclear proteins (Surks, Koerner,
4
and Oppenheimer, 1975).
for T

3

Since nuclear proteins have a greater affinity

than T , this would indicate that T may play a more important
4
3

role at the nuclear leyel than T .
4
Tata, Ernster, and Suranyi (1962) showed that the binding capacities of subcellular particles or fractions for T or T could be placed
4
3
in the following order:
muscle mi c rosomes .
f or T than T .
4
3
ine and T

3

liver microsomes > muscle mitochondria >

The binding affinity of these fractions was greater

Tapley and Basso (1959) found that binding of thyrox-

to isolated rat liver mitochondria was dependent largely

upon the halogenated phenolic ring.
Mode of action of thyroid hormones
In early investigations, it was found that thyroxine stimulated
respiration and uncoupled oxidative phosphorylation when added to
isolated mitochondria (Tapley and Cooper, 1956).

Moreover, T pro4

moted the respiration-dependent swelling of mitochondria (Tapley, 1956).
Lehninger (1960) proposed that the thyroid's mode of action was to
cause an alteration of the size and shape of mitochondria, thus possibly altering the permeability to substrates, cofactors, ions, etc.,
and/or by varying the spatial relationships between respiratory
assemblies.
However, such effects as uncoupling of oxidative phosphorylation
and mitochondrial swelling seem to be doubtful mechanisms of hormone
action due to the high concentration of T required (Tata et al.,
4
1963).

Tata et al. (1963) concluded that thyroid hormones might act

pri marily by either preferentially altering the relative rates of

13

synthesis or turnover of the more tightly bound structural components,
or through a reorganization of structural elements to alter their
efficiency.

Peachey and Grief (1965) showed that mitochondria derived

from thyrotoxic rats are enlarged, with a marked increase in mitochondrial cristae and in respiratory enzyme content.
More recently, several authors have observed that T and T will
4
3
stimulate in vivo and in vitro amino acid incorporation into both
mitochondrial proteins (Buchanan and Tapley, 1966; Roodyn, Freeman, and
Tata, 1965; Buchanan, Primack, and Tapley, 1971; and Primack, Tapley,
and Buchanan, 1971) and cytosol proteins (Brown, 1966; and Roodyn,
Freeman, and Tata, 1965).

Liver mitochondria isolated from rats admin-

istered near physiologic doses of T

3

shm•ed an increased rate of amino

acid incorporation into mitochondrial proteins.
of T

3

At the concentrations

used there was an increase in the amount of respiratory and

phosphorylative assemblies such that substrate oxidation increased
SG-500 percent greater than normal, depending upon substrate used.
But, when T was directly added to a mitochondrial incubation medium,
3
there was no increase in amino acid incorporation.

Roodyn, Freeman,

and Tata (1965) concluded that the hormone's primary effect at the
mitochondrial level was on nuclear mechanisms that regulate the
synthesis of cytoplasmic proteins.
Using skeletal muscle, Brown (1966) showed that T stimulates the
4
in vitro amino acid incorporation into protein of ribosomes and microsomal particles.

This is dependent upon the presence of mitochondria

and an oxidizable substrate.

The stimulated step involves the trans-

der of a soluble ribonuclei c acid bound amino acid to microsomal protein and is independent of any action of DNA dependent RNA polymerase

14
activity of

~~NA

synthesis .

Hoch (1967) theorized that T acts indi3

rectly through the production of a "mitochondrial factor" that
accelerates ribosomal interac tion with tRNA-animocyl complexes resulting in protein synthesis.
However, Buchanan, Primack, and Tapley (1971) pointed out that
the ability of T

4

to stimulate mitochondrial oxygen consumption in

vitro is not dependent upon active protein synthesis.

This does not

refute the in vivo studies but points to the possibility that hormonal
stimulation of oxygen consumption in vivo may result from effects upon
mitochondrial structure and/or energy metabolism which may be independent of new protein synthesis.

In other words, thyroid hormones may

stimulate production of respiratory and phosphorylative assemblies and
also stimulate the increased consumption of oxygen above the amount of
respiratory centers available.
In conclusion, it may be said that thyroid hormones are multiple
action hormones and that no one biochemical mechanism can explain all
over effects believed to be attributable to these hormones.
Potential Relationships of Substituted
Phenols to Thyroid Physiology
Halogenated phenols and halopyridinols contain structural similarities to the outer ring of thyroxine.

These include the anionic group

(OH) and phenyl (pyridyl) ring with at least two highly polarized
substituents.

As described earlier, the outer ring of T appears to
4

be the most important structural aspect of the molecule in its interactions with various cellular or extracellular ·proteins.

In light of

this it is reasonable to predict that halogenated phenols and

15
pyridinols may alter the abil i ty of T or T to interact in a normal
4
3
manner with these proteins.
In vitro studies
Binding of halogenated phenols to the T -binding site of serum
4
albumin has been studied by Tabachnick, Downs, and Giorgio (1970).
They conducted a structure activity study that included 2,4; 2,6; and
3 ,5-dichlorophenol, 2,4,6-triiodophenol and 2,4,6- tribromophenol.
chlorophenols were used .

No

Of those studied, the most highly halogenated

phenols exhibited the strongest relative binding.

Wada, Tomioka, and

Morguchi (1969) reported association constants for the binding of two
phenols to bovine serum albumin.
K

Q

Thes e were 2,4-dichlorophenol (log

4.5) and 2,4 ,5-trichlorophenol (log K

a

5.0).

Halogenated phenols are well known uncouplers of oxidative phosphorylation (Mitsuda, Murakami, and Kawai, 1963; Weinback and Garbus,
1965; and

Weinback, 1954).

The ability of the phenol to uncouple

oxidative phosphorylation increases with increasing number of halogen
substitutions.

It has been postulated that these phenols interact

with mitochondrial proteins to induce configurational changes in the
enzymes associated with oxidative phosphorylation, or by preventing
the binding or rebinding of structures essential for phosphorylation
to occur (Weinback and Garbus, 1965).
In vivo studies
Rate of gain is dependent upon the condition of the thyroid gland
or the level of its secretory products (Owen, 1947).

Mildly induced

hypothyroidism causes an increase in rate of gain in cattle but reduces milk production (Bullard and Andrews, 1943).

Hyperthyroidism in
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dairy cattle is characterized by increased milk production and weight
loss (Swanson and Miller, 1973).

It would be instructive to determine

how halogenated phenols and related compounds affect growth rate.
2,4-dinitrophenol.

Rats fed 0.2 percent 2,4-dinitrophenol (DNP)

for 30 days had relative thyroid weights that did not differ significantly from control animals, but their rate of gain was significantly
lower than controls (Bakke and Lawrence, 1965).

In a short term study,

rats administered DNP showed a 50 percent decrease in serum T and an
4
131
accelerated excret ion of T . Also, DNP inhibited the release of I
4
from the thyroid by as much as 50 percent within 24 hours of administration.

There are four distinguishing features between DNP and T :
4

(1) DNP stimulates the metabolic rate more rapidly than T ; (2) the
4
early inhibition of thyroid function due to DNP is not followed by a
fall in serum TSH titer as in the case of T administration; (3) when
4
T is given to hypothyroid rate the pituitary TSH level increases and
4
the s erum TSH decreases.

This does not occur with DNP; (4) T acceler4

ates the disappearance of TSH from the circulation while DNP does not.
DNP, therefore, may directly affect the ability of the thyroid gland
to respond to TSH (Bakke and Lawrence, 1965) .
Pentachlorophenol.
on the metabolish of

14

The effect of T and pentachlorophenol (PCP)
4
c-labelled substrates in tissues of the albino

rat was studied by Horvath et al. (1969).

Thyroxine induced an

apparent tissue dependence upon the metabolism of a given substrate.
Rats pretreated with either T or PCP for six days were injected with
4
14
14
a
c-labelled substrate. In one group of rats, respiratory
co was
2
measured using glass metabolism cages.

In another group, selected
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tissues were removed and
of a given subst rate.

14

co 2

production was measured in the pres ence

Both were compared to controls.

The results

indicated that T and PCP treated rats had similarities in the rate
4
14
of
co 2 produc tion from a given substrate. But there was also a
striking difference.

Thyroxi ne did not induce oxidation of amino acids

(alanine) ·while pentachlorophenol di d .

Failure to induce amino acid

breakdown by T was interpreted as either an inhibition of the pyridox4
olic enzymes at the coenzyme level or as the s timulation of protein
synthesis via an increas e of oxidative energy (Horvath et al., 1969).
Based on previous work, the latter s eems more plausible.
2 , 4 , 5-tr ichlo rophenol.

In a three-month feeding trial using rats

50 days old, and a dose range of 0 to 1.0 perc ent 2,4,.5-trichlorophenol,
McCollister, Lockwood, anc Rowe (1961) found that the mean net body
gain and mean final body weight for rats of the lower dose levels were
consistently greater than tha t of controls.
tically significant.

None, though, were statis-

There were no apparent adverse effects up to the

dose level of 0.1 percent, beyond which slight liver and kidney pathology was obser ved .

Thyroid pathology and physio logy were not examined.

Anderson et al. (1949) fed cattle 2,4,5- trichlorophenolate and
2,4 ,5-trichlorophenylacetate at a dose range of 0.8 to 7.2 g/100 lb
animal weight/day .

At the highest level there were no apparent adverse

effects.
Organophosphate insecticides with
halogenated phenolic metabolites
Halogenated phenols and related compounds such as halopyridinols
are mammalian metabol i tes of many insecticides, including Leptophos

lR
and Dursban.

Table 1 lists representative organophosphate i nsect i-

cides that release halogenated phenols upon metabolism or degradation.
Abo-Khatwa and Hollingworth (1974) have studied the in vitro
effects of pe s t icides on energy-linked mit ochondrial functions of rat
live r mitochondria.

Four energy-linked functions were assayed:

(1)

the ADP/0 ratio, measuring the e ff iciency of respiratory chain phos phoryla tion, (2) the rate of oxygen uptake in the absence of pho s phate
ac ceptor, (3) the rate of oxygen uptake in the presence of phosphate
acceptor, and (4) the res piratory control i ndex, or the rat i o of
subs trate oxidation in the presen ce of ADP to the rate obt ained after
the acceptor is exhau s ted.

The r esults indi cate that most organo-

phosphat e pesticides with pheno lic metabolites affected energylinked mitochondrial functions .

The p&rent compounds chlorpyrifos-

methy l [0, 0- dimethyl 0- (3,5, 6-trichloro-2- pyridyl) phosphorothioate]
and chloropyrifos [0,0-diethyl 0-(3,5, 6-trichloro-2-pyridyl)
phosphorothioate] inhibited oxygen uptake i n the presence of phosphate
accepto r and reduced the ADP/0 ratio, while their common metabolite
3 , 5,6- tri chloro- 2-pyridinol uncoupled respiratory chain phosphorylation and thus s timulated oxygen uptake both in the presence and
absence of phosphate acceptor.

Iodofenphos ethyl [0-(2,5-dichloro-

4-iodophenyl) 0,0-diethyl phos phorothioate] was inactive while its
metabolite 2,5-dichloro-4-iodophenol was more active than 3,5,6trichloro-2-pyridinol (Abo-Kha twa and Hollingworth, 1974).
Chlo rpyr ifos, chlorpyrifos methyl , and leptophos have been used
in feeding studies with dairy cattle (Johnson et al., 1969, 1971,
1974).

When fed a s residues on corn silage, leptophos was found to

increase body gains and decrease milk production (Johnson et al.,

Table 1.

Representative organophosphate i ns ecticides with phenol i c metabolit esa

Common name

Systemmatic name

Phenolic metabolite
or degradation product

Dursban
(Chlorpyrif os)

n,O-diethyl-0-(3,5,6-trichloro2-pyridyl) phosphorothioate

3 ,5,6-trichloro-2-pyridinol -

Chlorpyrifos-methyl

O,G-dimethyl-0-(3,5,6-trichloro2-pyridyl) phosphorothioate

3 ,5,6-trichlor o-2-pyridinol

Leptophos

0-(4-bromo-2,5-dichlorophenyl)0-methyl-phenyl phosphorothioate

4-bromo- 2,5-d ichlorophenol -

Bromophos

0,0- dimethyl-0-2,5-dichloro- 4bromephenyl thiophosphate

4- br omo-2,5-di chlorophenol

Ronnel

0,0-dimethyl-0- 2,4,5trichlorophenyl thiophosphate

2 ,4,5-trichlorophenol

Tricqlormetafos-3

0-methyl-G-ethyl-G-2,4,5trichlorophenyl thiophosphate

2,4,5-trichlorophenol

0,0-diethyl-0-2,4,5-trichlorophenyl
thiophosphate

2,4,5-trichlorophenol

Iodofenphos Ethyl

0-(2,5-dichloro-4-iodophenyl)O,G-diethyl phosphorothioate

2,5-d ichloro-4-iodophenol

Iodophos

0-(2,5-dichloro-4-iodophenyl)n,O-dimethyl phosphorothioate

2,5-dichloro-4-iodophenol

~able developed from Chemistry of Pesticides (1971) by N. N. Melnikov (F. A. Gunther and J. D. Gunther,
(Eds.) pp. 332-340.

Springer-Verlag, Inc., New York, New York.
1-'

"'
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1971) .

Chlorpyrifos and chlorpyrifos-methyl fed at level s one-third

to one-half that of leptophos produced no such effect (Johnson et al.,
1969 and 1974).
This effect appears to be quite unique and has not been seen in
dairy cattle or other species with other organophosphate insecticides
(Rumsey and Williams, 1973; Hasegawa et al., 1973 and Crookshank,
Smalley, and Radeleff, 1972) .

The results are suggestive of thyroid

antagonism, either as an effect directed at the thyroid gland itself
or upon the action of its secretory products, thyroxine (T ) and
4
triiodothyronine (T ).
3
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MATERIALS AND METHODS
Animal Studies
Experimental animals and
experimental design
Male weanling rats of the Sprague-Dawley strain, weighing 60 to
70 grams and purchased from Simonsen Laboratories, Inc. of Gilroy,
California were used throughout the study.

There were five rats per

treatment and they were individually caged in steel cages with wire
mesh bottoms.

Oral dosing was carried out for 28 days in which

treated feed and fresh water were provided ab libitum except where
pair feeding was necessary.

Experimental animals were randomly

assigned to treatments with the criterion that the mean body weight
of each treatment group be within ± 2 g of the other treatments.
Animal weights and the amount of feed consumed were recorded every
other day so that rate of gain and feed efficiency (weight per
100 g feed consumed) could be determined.

Prior to initiation of study the rats were fed Purina Laboratory
Chow (Ralston Purina Company, St. Louis, Missouri) in cubed form.
Test diet preparation.

Three dose levels (100, 200, 400 ppm)

of each compound under study were used in addition to untreated controls.

The compounds were dissolved in liberal amounts of a suitable

solvent, usually acetone, and then thoroughly mixed with finely ground
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laboratory chow to provide a uniform feed mixture.

The solvent was

allowed to evaporate and the feed was then further blended on a
mechanical mixer and subsequently stored in plastic containers.
Compounds tested
The compounds used in the feeding studies are presented in Table 2,
together with the data on source, purity (m.p.), pKa, and concentrations employed in in vitro tests.
Termination
At the end of 28 days the rats were anesthetized by placing them
into a jar in which the air was saturated with diethyl ether.

At

this time as much blood was removed as possible via the dorsal aorta.
The blood was allowed to stand in a refrigerator for approximately one
hour and then centrifuged.

The serum derived from this was collected

and frozen for future use.

The thyroid gland was removed and extra-

neous tissue cleaned from it.

The giand was then weighed and stored

in a labelled vial containing 10 percent formalin.

Relative thyroid

weights were determined (mg thyroid per 100 g body weight).
Thyroid histology
Fixed thyroid slices were mounted and stained with Hematoxylin
and Eosin and examined.

A scoring system based upon the relative

frequency and size of the thyroid follicles was established with
glands from control and thiourea-treated rats.

These glands were

assigned arbitrary scores of zero and five, respectively.
sizes of the follicles decreased

~nd

When the

their relative number increased,

the thyro id sections appeared more like thiourea-treated glands and

Table 2.

Compounds used in investigation, including chemical structure, pKa' melting point and sou r ces

Compound

Structure

pK

Concentrationf
Bovine serum albumin
Mitochondrial
binding
binding

Melting
a

Trichlorophenolsa

21.75 \lM

2 , 4,6e

7 . 00

67°

2,4,5e

7.37

6Q-61°

c
c
c
c
c
c

71°

c

2 , 3,4
2 ,3, 5
2,3,6
2,4,5

4- bromo- 2,5c e
dich1oropheno1 •

@ - oH
Cl 3

Cl

3,5,6-trichloro2-pyr1dino1 b.e

77-78"

7.30

58-59°

6 . 13

53-54°

8.35

97- 98°

10- 3 M
10- 3 M
10- 3 M

10- 3M, 10- 4M, 10-~

Br -<f};- oH

--

Cl
Pentachloropheno1a,e

7.60

@ - oH
Cl5
Cl

cr~ oH

4 .80

21. 75 \lM

10- 3 M

21.75 )JM

21.75 \lM

10- 3 M

Cl

N

w

Table 2.

Continued

Compound

pK g

Structure

a

Melting
point

Concentrationf
Bovine serum albumin
Mitochondrial
binding
binding

CH~l
3 ,5-dichloro2,6-dimethyl-b e
4-pyridinol '

~OH
CH3

21.75 llM

10- 4 M

21.7 5 llM

10- 4 M

Cl

CR3

@-oH

2,6-dimethyl-b
4-pyridinol 'e

CH 3
COOH
L-thyroxined

NH 2-

I

?-CH~

H

I

I

o-@

HO

0

22-1.6

uM

0

22-1.6 uM

I

~Aldrich Chemical Company, Inc., Milwaukee, Wisconsin.
cDow Chemical Company, St. Louis, Missouri.
dVelsicol Chemical Company, Chicago, Illinois.
eSigma Chemical Company, St. Louis, Missouri.
£Compounds used in feed study.
Concentration of competitor was fixed while varying T4 concentration.
Svalues reported from Organic Chlorine Compounds (1948) by E. H. Huntress, John Wiley and Sons.
values of compounds not reported were not determined.

pK

a

N
..,..
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were given an appropriate value.

If the sizes of the follicles were

larger with relatively fewer present, the sections were scored more
like control glands.

A negative score was derived when the frequency

of large follic l es was greater than that of controls.

All slides were

randomized and examined on a blind basi s , comparing each slide with a
negative control and a thiourea slide .
from minus five to plus five.

Each thyroid gland was scored

This scoring proces s was repeated after

re-randomization of all slides and an average s core f or each slide
determined.
Serum studies
Total serum thyroxine was measured using T assay kits pur chased
4
from Oxford Laboratories, Foster City, California.

Th i s procedure is

based upon competitive protein binding, a method developed by Murphy
and Pattee (1964).

The principle involves an extraction of the serum

with a mixture of buffered ethanol and water in which very fine sili ca
is suspended.

T adsorbs onto the silica at the pH of the solution.
4

The extraction medium is centrifuged and the silica pellet is resuspended in a mixture of magnesium carbonate suspended in a buffered
solution.
and I

125

-T

This solution also contains human serum as a source of TBG
4

The resuspended silica is allowed to equilibrate for

15 minutes.

At the pH of thi s mixture the T from the rat serum is
4
125
released from the silica and comp etes wi th the I
-T for TBG binding
4
sites.

The greater the amount of T from rat serum, the smaller the
4
125
amount of I
-T which remains bound to TBG . The mixture is then
4
125
centr ifuged again and the supernatant containing I
-T bound to TBG
4
is counted in a gamma counter.

Human serum samples standardized for
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T4 c oncentration were prepared in a similar manner from which data a
straight line plot was developed of vg/100 ml serum versus reciprocal
count rate (1/CPM).

The amount of T

4

sera samples was then determined fr om

(Vg/100 ml serum) in the rat
t~is

standard graph.

In Vitro Studies

Table 2 lists the compounds used in mitochondrial and serum
albumin binding studies, along with the chemical structures, pKa,
conc entrations used, melting points, and sources.
Solution preparation
A stock solution for each compound was prepared by dissolving a
given amount of a compound in potassium hydroxide solution (J..O N KOH).
For thyroxine, six stock solutions of differing concentration were
prepared.
Other stock solutions included:
1.

Two solutions of 0.06 M potassium phosphate buffer, pH 7.40
and pH 7.24, with 6.8 x 10-

2.

4

M EDTA;

Bovine serum albumin (BSA), Sigma Chemical Company, St. Louis,
Missouri, in 0.06 M potassium phosphate buffer, pH 7.24, to
-6

give a BSA concentration of 7.25 x 10

M containing 6.8 VM

EDTA;
3.

Three 0.25 M sucrose solutions, all with 0.01 M pot assium
phosphate buffer.

One contained .001 M EDTA at pH 7.4.

other two had no EDTA and were at pH 7 .4 and pH 7.08.

The

27
Serum albumin binding
Serum albumin binding studies were carried out using the technique
of equilibrium dialysis.

Dialysis c ells purchased from the Lab

Apparatus Company, Cleveland, Ohio were used.

The dialysis cell used

is a plastic apparatus consisting of two 5 ml half cells separated by
a conditioned membrane.

Spectrapor membranes Q1arkson Science Inc.,

Demar, California) had a molecular weight cutoff range of 6,000 to
8,000.

These were conditioned by s oaking in luke-warm water for about

three hours, rinsing in deionized water and finally stored in potassium phosphate buffer, pH 7.4 .
The basic procedure as outline by Tabachnick, Downs, and Giorgio
(1970) was followed to test the full series of trichlorophenols, the
metabolites of Dursban and Leptophos, 3,5-dichloro-2,6-dimethyl-4pyridinol, and 2,6-dimethyl-4-pyridinol as competitors of T -binding.
4
A series of T -competitor solutions was prepared as follows:
4
50
14

c

~1

-r

of a given stock T .concentration plus 5.0
4
4

solution (NEN 299), plus 50

~1

of a 0.256 mg/ml

~1 of a fixed concentration of com-

petitor were added to 5.0 mls of potassium phosphate buffer pH 7.24.
A series of control T
using 50

~1

4

solutions was prepared in a similar manner,

1.0 N KOH in place of competitor.

Preparation of the

series of T -competitor solutions allowed multiple dialyses from a
4
single solution and thus reduced potential error due to

mu~tiple

so lu-

tion variability.
A typical run involved the use of six dialysis cells, one for
each T

4

concentration.

The conditioned membrane was placed between

the two half cells taking care not to handle the area of the membrane
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involved in dialysis.

Then one half cell was loaded with 1.0 ml T 4

competitor solution and 4.0 mls of BSA solution, and 5 . 0 mls of
phosphate buffer pH 7.4 were placed in the other half cell.
Dialysis was carried out for 20 hours at 30" C in a shaking
incubato r.

After this, aliquots from both half cells were placed into

scintillation vials.

Fifteen mls of a soluti on containing dioxane

(833 ml), 2-ethoxy-ethanol (167 ml), napthalene (50 g), PPO (10 g),
and dimethyl-POPOP (0.5 g) were used as the scintillation counting
fluid .

Counting was carried out in a Packard Tri-Carb liquid

scintillation counter, Model 3000, for ten minutes with external
standardization .

The amount of bound and free T was calculated and
4

results were graphically interpreted by the Scatchard method (1949).
Mitochondrial binding
Mitochondrial binding experiments were carried out following the
general procedure used by Tapley and Basso (1959).

T -competitor solu4

tions were prepared as in the serum binding studies using the sucrose
buffer solution, pH 7.08 .
at 10

-3

The concentration of competitor was fixed

M except where indicated.

Procedure.

A 250 g male rat was sacrificed and six one gram sam-

ples of the liver were removed.

Each sample was homogeni zed with a

glass homogenizer in 4.0 mls 0.25 M sucrose containing potass ium phosphate buffer pH 7.4 and .001 M EDTA .

Mitochondria were isolated as

described by the flow diagram (Table 3).

The homogenate was centri-

fuged at 500 x g for 10 minutes to remove heavy cellular matter.

The

supernatant from this was then centrifuged at 13,000 x g for 10
minutes at D-5" C.

The pellet was resuspended and washed once with
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Liver homogenate

I

500 x g x 10 min
Supernatant:

Pellet: nuclei,
RBC's cell walls,
unruptured cells,
etc.

13,000 X g X
10 min, 0-5°

c

Supernatant:

Pellet:
mitochondria

microsomes,
lysosomes,
macro-mole cules,

I

FIRST
WASH

mitochondria,

microsomes, lysosomes, etc.

resuspended in
isolation medium
with EDTA, pH 7.4

etc.

13,000 x g x 10 min
0-5° c

Supernatant:
mitochondrial

Pellet:
mitochondria

contaminant s

I

resuspended in
isolation medium

•''"""'

SECOND
WASH

'li';~:~:;,:d',: '
Pellet :
mitochondria

Sup ernatant

THIRD
WASH

I

resuspended in
isolati on medium
without EDTA, pH 7.4
13,000 X g X
. 10 min, 0-5° C

I

Pellet : mitochondria to be
resuspended in 1.0 ml isolation medium, pH 7.4

Figure 2.

1

I

Supernatant

Flow diagram for preparation of rat liver mitochondria

the EDTA sucrose buffer solution and ten twice in the sucrose solution,
pH 7.4 without EDTA.

Finally, the six mitochondrial pellets were

resuspended in 1.0 mls buffered sucrose each and pooled.
Four concentrations of T with fixed competitor were prepared for
4
each compound studied.

To determine binding, 0.2 mls of the pooled

mitochondrial preparation were added to 4.8 mls of a previously prepa red T

4

plus competitor solution placed into Beckman polyallomer

tes t tubes .

This solution contained an aliquot of a given T -competi4

tor solution plus sucrose buffer , pH 7.08.

These test tubes were then

placed into an ice bath at D-5° C for 30 minutes.

The system was then

c entrifuged at 13,000 x g (0-5° C) for 10 minutes, the pellet was
resuspended in 3.0 ml sucrose buffer (pH 7.4) and then centrifuged
again.

The supernatant was removed and the tubes were inverted and

allowed to drain for five minutes.
The mitochondrial pellet containing bound T and competitor in
4
the test tubes was then solubilized using 1.0 ml 2.0 N methanolic KOH
and incubated in a water bath at 70° C for 30 minutes (Petroff, Patt,
and Nair, 1965).

The solubilized material was then poured into a

scintillation vial and the test tube was rinsed three times with · 5 ml
scintillation fluid containing toluene (850 mls)> 2-ethoxy ethanol
(150 mls), PPO (8.0 g) and dimethyl POPOP (110 mg).

Counting was

carried out using a Packard Tri-Carb liquid scintillation counter
with external standardization.
labelled T

4

Results were expressed as percent

bound to mitochondria.
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RESULTS
Ani mal Stud ies
Feed eff i c iency of diet s containi ng
phenols and pyridinols
Th e overa l l f eed efficiency , defined as the total weight gai ned
divided by total feed consumed, was express ed i n two ways , as a ra11
va lue and as percent of control .

Feed efficiency as percent of con-

trol is pres ented in Fi gure 2a, b , and c and Appendix A present s r aw
value da t a i n cluding s tandard erro r of mean.

These values repr es ent

dat a co l l ected from pair feeding trials c arried out during three
di f f erent ti;ne s pans.

The greates t non-control feed efficiency

occurred with 200 ppm 2,6-dimethyl-3,5-dichloro-4-pyridinol and values
f or a l l compounds ranged from a s low as 0.021 ± 0.012 (2.0 percent
thiourea) to 0.3651

± . 0098 (control).

Inspection of Figure 2

i ndic a t es that only the rats fed 100 ppm pentachlorophenol had feed
efficiencies significantly greater than their control.

There appeared

to b e no general trend upon comparison of one level of feed to another or from one compound to another, and most values were not

significant ly different from control s .
Rel a tive thy ro i d weight (mg t iss ue/
100 g body weight
The table i n Append ix B li s t s the relative thyroid weight
expre ssed as mean mg ti ssue per 100 g body weight for each compound
st ud ied.

This is graphi cally repres ented in Fi gure 3.

The average
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values ranged from 6.04 ± .36 (control -3,5,6-t ri chloro-2-pyridinol)
to 45.76 ± 5.44 (2.0 percent thiourea).

Of th e halogenat ed phenol s

used in the feeding trials, pentachlorophenol (200 ppm) and 3,5,6trichloro- 2-pyridinol (100, 200 ppm) produced a significant increase
in relative thyroid weight, whereas 2,6-dimethyl-3,5-dichloro-4pyridinol at 200 ppm produeeJ a signif icant decrease in relative
thyroid weight.

No other significant differences were observed

from compounds of interest to this thesis.
Thyroid histologic scores
As stated in the materials and methods, thyroid histology was
evaluated by arbitrarily assigning slides of thyroid sections from
thiourea treated rats a value of five and controls a value of zero.
Each thyroid gland from the treatment group s , including control , was
scored according to its relative similarities to control or thiourea
treated glands.

The thyroid histologic scores ranged from -1.8 ± .34

to 5.0 ± 0 (Table 4).

The smallest value was observed with 200 ppm

pentachlorophenol and the largest non-thiourea value was 3.0 ± .32 with
100 ppm 2,4,6-trichlorophenol.

Thyroid scores from the 100 ppm and

400 ppm 2,6-dimethyl-3,5-dichloro-4-pyridinol treatment wa s not
different.

The bromophenol exhibited a dose response that initially

was significantly below control, the the same as the control score,
and finally, significantly above the control value.

There app eared

to be no general trend exhibited by the halogena t ed phenols or by the
halogenated pyridinols.
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Table 3.

Thyroid histologic scoresa, after 28 days treatment with
phenols and pyridinols

Dietary treatment

X Thyroid score

Group I
Control
2,6-dimethyl-3,5-dichloro-4pyridinol

2.7

100 ppm
20fl ppm
4fl0 ppm

±

.55

± .49

±
±

.66
.19

2 ,6-dimethyl-4-pyridinol

±

100 ppm
200 ppm
400 ppm

.42
± .47
3- .47

2,4,6-trich lorophenol
lOfl ppm
200 ppm
400 ppm

3 .0
2.8
1.0

± .32
± .51
± .46

-0 ..1

± .11

Group I I
Control
Thiourea
0.5%
l. 0%
2. 0%

5.0
5.0
5.0

Pentachlorophenol

± .25
± . 34

100 ppm
2fJO ppm
400 ppm

± .3 5

Group III
Control

0.3

± .20

4-bromo-2,5-dichlorophenol
100 ppm
200 ppm
400 ppm

± . 25

± .39
± .37
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Table 4.

Continued

Dietary treatment

X Thyroid s core

S.E .b

2,4,5-trichlorophenol
Control
100 ppm
200 ppm
400 ppm

1.0
0.4c
1.3
1.1

±

.32

± .28
± .47
± .36

3,5,6-trichloro- 2-pyridinol
Control
100 ppm
200 ppm
400 ppm

0.6

± .21

0.6
2.le
2.4e

± .53

aScoring was based on similarities to cont rol or thiourea treated
glands with thiourea· treated tissue given an arbitrary value of 5
and control a value of 0.
bStar,dard error of the mean; each value r·epresents an average of
five animals.
cp (.20)2
dp ( .10) 2

"P (.05)2
fp (.001)2

±

.52

± .51
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Serum thyroxine levels
Due to control variability serum T levels are graphically
4
expressed as percent of control.
~g

T

4

The values are a measure of mean

per 100 mls serum and can be found as listed in Appendix C and

as graphically presented in Figure 4a, b, and c.
ranged from zero to 8.04 ± 35

~g

T /100 ml serum.
4

The actual values
Of the pyridinols

studied, only 2,6-dimethyl-4-pyridinol (100 ppm) produced a significant change from control and is 117.7 ± 6.3 percent of control.
4-bromo-2,5-dichlo rophenol produced a significant decrease in serum
T

4

level at 200 ppm and 400 ppm.

Their values were 78.1 ± 7.0 and

58.5 ± 3.5 percent of control, res pectively.

The trichlorophenols

studied produced a significant increase in serum T levels at 100 ppm
4
and a decrease at 400 ppm (significant for 2,4,5-TCP).

Both penta-

chlorophenol and thiourea at all levels of feeding reduced serum
T levels to almost zero.
4
Serum albumin binding of thyroxine
and its competition with phenols
Results were graphically interpreted by the Scatchard method.
In the Scatchard method v/A was plotted against v,
where: V

=

average number of mole s of T bound/mole BSA
4

A= [Tv]f in equilibrium with bound T .
4
The association constants were determined by:

ni = a given set of sites with corresponding ki (association
constants.
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It follows that En is the V intercept and Eniki is the intercept
of v/A axis.
The latter is the sum of the association constants and represents
the overall binding constant for the association of T with BSA.
4
~niki

The

value can be determined with good precision whereas the Eni is

indete rminate.
Figure 5 illustrates the plotted data as determined for the control T

4

binding, T self-competition and representative phenolic com4

petitors.
Results were analyzed on the basis of the Eniii value.

From the

change in the En k value due to the presence of competitor, the rela1 1
tive binding affinity was determined for each competitor .

A self

competition value (a dialysis of T concentrations wirh a fixed amount
4
of T , 3:1 T :BSA, added) was required .
4
4

The Eniki value derived from

this was subtracted from the En.k. value of control and the difference
1

1

considered the reference for self-competition.
trarily assigned a binding affinity of 100.

This value was arbi-

Relative binding affini-

ties were determined for the comp etito rs by subtracting their Eniki
values from the control En ki vRlue, then dividing by the reference
1
value and multiplying by 100 (Tabachnick et al . , 1970) .
Curvilinear regression analysis was used to determine the best
Eniki value (Table 5).

The results indicated that all the trichloro-

phenols, the dichloro-bromo-phenol and the Dursban pyridinol bind at
least as well as T (itself) to the T binding site of BSA.
4
4

However,

2,6- dimethyl-3,5-dichloro-4-pyridinol and 2 , 6-dime t hyl-4-pyridinol
bind more weakly.
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Figure 6 .

Effect of trichlorophenol and pyridinol derivatives on the
binding of cl4_thyroxin e to bovine se rum a lbumin at 30"C
and pH 7.4.

Table 4 .

Relative binding affinity and curvilinear regr e s sion analys i s of compounds used in in vitro bovine serum albumin studie s
l:N K
i

Compound
y-intercept
Control

18.6

i

a

±

s. E. b

Coefficient of
determination
R2

Model e

Relative Binding:
Affinttyd

0.07

1.0

(1)

va Self competition

3.2

0.001

0 . 99

(l)

100 . 0

2,6-dimethyl3,5-dichloro4-pyridinol

7. 7

0.03

0.98

(1)

71.0

2,6-dtmethyl4-pyridinol

9. 7

0.01

0.99

(1)

59 . 9

2.8
2.7
3.8
2.3
2. 7
2. 7

0.001
0.001
0.003
0.001
0.004
0.003

0.99
0.99
0.99
1.0
0.98
1.0

(1)
(1)
(1)
(2)
(1)
(1)

102 . 9
103.3
96.3
105 . 3
103.5
103.2

4-bromo-2,5- dichloro-phenol

3 .1

0.0003

1.0

(1)

100.8

3, 5, 6-trichloro-2-pyridinol

2. 5

0.008

0.96

(l)

104.4

PentachJ orophenol

1. 8

0 .005

o. 74

(1)

109 .5

Trlchlorophenols
2,2,62,4,52,3,42 , 4,63,4,52,3 ,5-

8

EN k value is the intercept of the V/A axla (see Figure 5) and represents the binding constant for the
1 1
:ssociation of T with infinite BSA concentration .
4
Standard error of meanj each value represents an average of 4 values.
2
c(l) y • B + s x + s x , (2) y • B + B X.
0
1
2
3
4
~sing self-competition as a reference and arbitrarilv assigning it a value of 100
I:N K (control - competitor)
1 1
Relative binding affinity • l:NiKi (control - self competitor) '

,.
Ln
I

,.
"'
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Mitochond rial hinding of the
thyroxine and its competition
with phenols
The data were computed as percent T bound to mitochond ria
4
(Figure 6).

The results were obtained from the control correlated

quite well with Tapley and Basso's wo rk (1959).

All compounds studied

reduced the percent T bound by 10-30 percent; 2,6-dimethyl-4- pyridlnol
4
reduced binding the least (8 percent) and the bromophenol r educed
binding the most (30 percent).

The tri chlorophenol s were general ly

quite similar to each other and r educed binding by about 15 percent .
Self-compet ition-data (i.e . , high concentration T incubated with
4
mitochondria in the presenc e of the normal low concentration T plus
4
labelled T ) indicated increased T uptake by mitochondria.
4
4
Res ult s i ndicat ed that halog enated phenols and pyridino ls at the
concentrations used did not affect the binding of T to mito chondria .
4
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DISCUSSION
Thvroid histoloRic scores
Data generated in the T

4

binding study using bovine serum albumin

and phenolic comp etitors supports the hypothesis that the metab olit2s
of Leptophos and Dursban alter thyroid function via select ivity displacing T from the serum T - transport protei ns.
4
4

The results are in

agreement with work done by Tabachnick, Downs, and Giorgio (19 70)
and provide further eviden ce that the requirements for T binding to
4
albumin involve the phenolic hydroxyl group and electronegat ive atoms
in the 3' and 5' position of the thyronine molecule .
The ability of ha l ogenated pheno l s to displace T

4

from albumin

may be due to the number and position of halogen s ubst itutions on the
phenolic ring .

It may also be due to the size of the halogen and the

dissociation constant (pKa) ' of the molecule.

Pentachlorophenol

provided the great est competition for the T -binding site on albumin
4
and also had the lowest pKa of any chloropheno l studied.

In comparing

the isomeric series of trichlorophenols, 2 ,4,6-trichloropheno l (2,4, 6TCP) provided the greatest competition while 2 ,3,6; 2,4,5; 3,4,5;
and 2,3,5-TCP were somewhat lower than 2,4 ,6-TCP.

There appeared to

be no correlation between the pKa of a trichlorphenol and its abilit y
to displace T from BSA.
4

It is interesting to note that 2,3,4-TCP was

the only trichloropheno l that did not compete for the T -binding site
4
on BSA at least as well as T .
4

It would appear then, that the number

of halogen substit utions on the phenolic ring is of prime importance .
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The posit ion of the halogen is of secondary i mportance in so far a s
having a halogen on bot h sides of the molecule when it is bisec ted
through the 1 and 4 position of the r ing .
2 , 6-dimethyl-3,5-dichloro-4-pyridinol and 2,6-dimethyl- 4-pyr i dinol
provided much less ability to compe te for the T -binding site on
4
albumln.

This is attribu ted to the bulky, nonpolar methyl substitut ion

on the py rid i nol ring .

It i s felt that the primary thyroxine-b inding

site of albumin involves the existence of a cleft i n the prot ein and
is surr ounded by a predominantly hydrophobic region (Tabachnick, Downs,
and Giorgio , 1970).

This would exclude effective competition by any

molecul e with a bulky nonpo l ar subs tituent.
Several questions arise as t o the physiological signifi cance of
i n vi t ro displacement of T f rom the r -binding site of albumin.
4
4
halog enated phenols displace T

4

from serum albumin in vivo?

Do

If so ,

does T bind to the other serum-T binding proteins, TBG and TBPA
4
4
(if pre s ent) or are they similar to albumin?

If T is selectively
4

dis plac ed from the serum binding proteins, what would be expected to
happen ?
Based on work by Tabachnick and Hao (1971), it would be safe to
say t hat halogenated phenols would compete for the T -b i nding site
4
on TBG.

Since the req uirements for optimal T

4

binding to TBG ar e more

st ring en t , the relative ab i l ity of halogenated phenols to compete
for this s ite are expected to be less than fo r the less specific s i te
on albumin.

Never-the-less , displac ement would probably occur.

Ross

and Tapley (1966) demor,strated tha t TBPA requires the diiodosubst it uted phenolic ring for T binding.
4
that ha l ogenated

It is r easonable t o assume

phenol s could displace Tl, from TBPA .
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Assuming, for the moment, that halogenated pheno ls displace T
4
from the aerum proteins in vivo, i t is imp ort ant to analyze what the
consequences of this action are physiologically.

Oppenheimer (1973)

points out that a pulse perturbation in T plasma binding would result
4
in a shift in hormone from plasma to the cellular compartments.

The

fractional disposition of hormone from the cellular compartment wil l
not be changed, and because there will be a transient increase in
cellular hormone, the absolute rate of T

4

deiodination and excretion

wil] be increased until a new steady state is achieved and the cel lular
pool is restored to normal (Oppenheimer, 1973).

Net hormonal respons e

at the tissue level will not be affected by alterations in plasma
binding under steady state conditio ns.

This conc lusion presupposes

that the agent responsible for altering plasma b inding conditions is
transient and does not affect the biofeedback mechanism involving the
anterior pituitary gland.

In the transient condition described, the

depressed serum T level would signa l the anterior pituitary gland
4
and result in increas ed serum-TSH levels.

This would then signal the

thyroid gland to produce more thyroxine.
These findings would indicate that the mode of action of the halogenated phenols is not through alteration of serum-T

4

levels.

But

evidenc e provided by Bakke and Lawrence (1965) could provide a reasonab l e answer to this dilemma.
2,4-dinit rophenol, the serum-T

They found that in feed studies with
4

level was reduced whi l e the total body

T level was decreased resulting i n a hypothyroid condition.
4

It is

proposed that the halogenated phenols may act in a similar manner.
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Serum thyroxine levels
The binding of T to mito chondria is thought to be a requi site
4
step in its physiological expression .
of T

4

The requirements for the binding

to mitochondria are similar to T binding to serum albumin.
4

Therefore, it would seem reasonable that halogenated pheno ls might compete with T for its mitochondrial binding si tes and thus alt er the
4
normal expression of thyroid physiology.
At a molar concentration equal t o or even ten times great e r than
that of T , the halogenated phenols did no t compete with T for the
4
4
binding site on isolated rat liver mit ochondria.
Concentra tion 10

3

It required a phenol

times greater t h an t h e T concentrat i on to o b ta i n
4

effective competition .

It would, therefore , seem that the phenols

used would not be signif icant compe tit or s for the T

4

binding site on

mitochondria , and do not conform to the hypothesis.
In light of this, it is appropriate to examine the physiological
significance of thyroxine binding to mitochondria.

Thyroxine and T

3

at the mitochondrial level increase oxygen consumption, uncoup le
oxidative phosphorylation and cause organelle swelling (Tapley and
Cooper, 1956; and Tapley, 1956) .

In order to induce mitochondr ial

swelling and uncouple oxidative phosphorylation, the concentration of
T

4

required is 50- 500 times greater than that needed for maximal

stimulation of basal metabolis m.

It is now felt that increased oxyg en

consumption caused by T or T is due to derepression of nuclear
4
3
mechanisms that resul t in an i ncreas ed amount of resp iratory cent ers
(Roodyn, Freeman, and Tata , 1965).

Ac co rding to Buchanan, Primack,

and Tapley (1971) , t h e ability of physiological levels of T to
4
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stimulate oxygen consumption is not solely through increased protein
synthesis, but involves some alterat ion in the efficiency of the
coupled phosphorylation process thus requiring increased oxygen consumption.

This could involve, but does not require, the binding of

T to mitochondria.
4

An alternative hypothesis could involve the

binding of T to the inner mito chondrial cristae, thus altering the
4
"tightness" of the coupled phosphorylative process.

If this were the

case, then a mode of a c tion could be explained for the halogenated
phenols.

At low concentrations (5 x 10-?) pentachlorophenol (PCP)

does not uncouple oxidative phos phorylation.
concent ration reaches 2 x 10(Weinback and Garbus, 1965).

5

Only when the PCP

M will the P:O ratio become zero,
Halogenated phenols at low concentra-

tion (a concentration about equal to that of T ) may compete with T
4
4
for the mitochondrial cristae binding site, yet no t act by altering
coupled phosphorylation.

In this way, oxygen consumption would be

decreased and a situation resembling hypothyroidism would exist.
Feed efficiency of diets containing
phenols or pyridinols
In order for the hypothesis to be true, the feed efficiency
(weight gain/feed consumed) s hould be increased in those animals fed
halogenated phenols in their diet.

The feed efficiency calculated

from the animal s tudies must be interpreted carefully, since pair
feeding was employed.

It is reasonable to assume that an animal on

restricted feed intake may not gain as much weight as it would on an
unlimited intake diet.

But the effi ciency of weight gain would be

expected to be different in animals consuming halogenated phenols.
As the results i ndicate, only pentachlorophenol increased feed

efficiency in animals fed 100 ppm and 200 ppm in their diet.

This

s ignificant increase is somewhat s uspect si.nce the feed efficiency
value from the control group of the PCP feed trial appears to be
s ubstantially lower than mos t of the other cont rol groups.

There was

no significant difference between the control groups of thiourea and
pentachlorophenol treated rats, which were derived from the same bat ch
of animals and on study at the same time.

Therefore, the increased

f eed efficiency seen i n rat s treated with 100 ppm and 200 ppm PCP may
i nd icate a definite drug rel ated effec t.

Howev er, evidence presented

by Knudsen et al. (1974) indicates otherwise.

In a short term

toxicity study of PCP in female rats, the growth decreased while not
affecting food intake at the 200 ppm level.

In male rate no change in

growth or feed intake was noticed .
In light of the above, it is concluded that halogenated phenols,
when fed to rats at 100 ppm, 200 ppm, and 400 ppm in their diet, do
not i nc reas e feed efficiency and thus do not conform to the hypothesis.
The author believes that it is reasonable to question the rat as
a model for feed trials in relation to the results seen with dairy
cattle .

The rate of gain will increase in dairy cattle fed Leptophos

from which 4-bromo-2,5-dichlorophenol is obtained.

Rats fed 4-bromo-

2,5-dichlorophenol in their diet at 100 ppm have a decreased feed
efficien cy.

This could be attributable to the physiological differe nce

between bovines and rats based upon the predominant energy substrate
used for metabolism, i.e. acetic acid (bov i ne) and glucose (rat).
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Relative thyroid weight, thyroid
histology and serum T4 level of
rats fed diets containing phenol s
or pyridinols
It was difficult to determine the effec t, if any, that halogenated
phenols should have on relative thyroid weight in order to conform to
the tenants of this thesis.

The relative thyroid weight determined in

this study could be related closely to feed efficiency as well as
dependent upon the real dose of phenol consumed.
Thiourea and PCP cause a definite increase in thyroid weight as
well as reducing the serum 1'

4

level.

Upon comparison, 3, 5, 6-trichloro-

2-pyridinol appeared to be the only other phenolic compound used that
significantly increased relative thyroid weight.

Analysis of variance

of the mean thyroid weight, pooled for each compound, shows a significant difference between the phenols studied.

This would indicate that

there is no uniform effect of halogenated phenols upon relat ive thyroid _
weight.
These results raise the question of whether an induced change in
thyroid physiology requires a change in thyroid weight.
thiourea , this is definitely the case .

As seen with

Results with pentachlorophenol

at 200 ppm also indicate the validity of this conclusion.

But there

are definite signs of thyrotoxicity when the relative thyroid weight s
and the serum T levels are compared in both the thiourea and PCP
4
treated animals.

Toxic hypothyroidism would not facilitate greater

feed efficiency, whereas mild or sub-toxic hypothyroidism has been
shown to decrease metabolic rate and consequently increase body weight
(Bullard and Andrews, 1943).

As the results indicate 2,4,5- and

2,4,6-t richlorophenol at 400 ppm do depress serum T

4

levels (the
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latter not significantly).

4-bromo- 2,5-dichlorophenol at 200 ppm and

400 ppm also reduces serum-T

4

level s .

chloropyrifos cause similar results.

It also appears that phosvel and
It could be rationali zed that

thyroid physiology (i.e., mild hypothyroi dism) may be alter ed wi thout
significant ly changing relative thyroid weight .
A similar argument could be presented for thyroid his tology.
Hypothyroid glands can be manifested in two ways.

The first is direct.

When the thyroid gland is inactive (not producing T or T ) the fol4
3
licles tend to be large with abundant colloid and the thyroid cells
are flat {Ganong, 1973).

When the thyroid gland becomes hyperplasiac

there is little or no colloid, the follicles are absent and the
thyroid cells are cubical to columnar.
The phenol ic co-mpounds used in the feed study produced an i nt ermediate response i n thyroid hi st ology that was different from control
but never complet ely appeared a s an inactive or hyperplasiac gland.
As a dynamic gland responsive to minute changes in TSH-level, it i s
difficult to det ermine what is "normal."

But, as thyroid histology

approaches the appearance of either an inac tive or hyperplasiac gland
the level of T or T produc ed by the gland may de crease resulting
3
4
in reduced serum-T

4

levels.

As mentioned earlier, some of the halogenated phenols did redu ce
the serum-T

4

level.

Most not ably 4-bromo-2,5-dichlorophenol produ ced

a good dose response relationship.

However, these results must be

examined critical l y due to the ext reme variability found in control s
from one group to anothe r.

This variab ility could be due to the

inherent differen ces in the rats on study at one period of time versus

57
another time.

However, this seems unlikely upon comparison of controls

within the same time frame.
Another explanation could be put forward upon critical examination
of the Oxford T -assay kits.
4

First of all this kit is designed prima-

rily for clinical laboratories and may not be suited for animal studies.
Secondly, the procedure involves the use of two solutions; within each
is suspended precip table material.
ethanol and silica .

The first solution contains buffered

The second solution contains a buffered medium

with magnesium carbonate, I

125

-T

4

and human serum as a source of TBG.

Each is resuspended by vigorous shaking .

The magnesium buffer solution

obtains a large amount of air in suspension so that the accuracy of
pipetting is reduced and as the air bubbles out the magnesium carbonate
settles with I

125
-T

4

weakly bound to it.

Thi s could definitely affect

results and obscure small differences in T

4

concentration.

In conclusion, it can be said that certain aspects conformed quite
well to the hypothesis, whereas others did not.

The problem of whether

the metabolites of Leptophos and Dursban cause a change in thyroid
physiology resulting in an increased rate of gain remains basically
unresolved.

Nevertheless, the study provides a background on which to

structure more critical investigation.
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SUMMARY

This thesis was initiated to determine the mechanism( s) of action
that could explain increased weight gain and decreased milk production
i n dairy cattle fed corn silage containing residues of certain organophosphate pesticides.

It was proposed that the mode of action involved

an alteration of thyroid physiology by the metabolites of the pestici des, namely halogenated phenols.

Studies were carried out to

determine the effect of tri-halogenated phenols and pyridinols upon T 4
binding to bovine serum albumin (BSA) and to liver mitochondria
isolated from male rats.

Using the rat as a model, feed studies were

performed to determine the effect of halogenated phenols and pyridinols on rate of gain, relativ e thyroid weight, thyroid histology, and
serum T levels.
4
In vitro results with BSA indicated that the mechanism could have
involved competition between T

4

and the phenol for the T -binding
4

site(s) of serum proteins, thus possibly lowering the serum-T
This was not well sub stantiated by

in~

4

level .

measurements of serum-T

4

levels from rats fed varying concentrations of halogenated phenols.
The methods employed to determine the effect of halophenols upon T
4
binding to mitochondria indicated that those compounds are poor
compe titors for the T -binding site on mitochondria.
4

At the dose

levels employed, there appeared to be no uniform dose response
relationship between the various halogenated phenols and pyridinols
and thyroid histology, relative thyroid weight and feed efficiency.

If future work is to be carri ed out in this area, and I hope it
is , there are certain modi fications and additions that should be
implemented .
fo r serum T

4

First and foremost i n my opinion, a more sensitive as s ay
s hould be used.

The level of T in serum is at the heart
4

of the problem and must be determined.

In conjunction with this, it

would be i nDtru ctive to determine the effect of halogenated phenols
upon the leve l of serum-TSH.

Second, future work on the binding of

T to serum proteins should investigate the iodophenols as well as
4
possibly using purified TBG and/or TBPA .

Finally, the feed s tudies

should be repeated using an animal model more closely related to dairy
cattle .

This feed s tudy should include both a pair feed ing and an

unlimited feeding phase in order to determine a real dose effect.
believe that it should include a wider range of dose level s, possibly
from 50 ppm to 800 ppm .

Some e ffects were more noticeable at the low

dose level and with the exception of PCP, the high dose l evel never
produced any toxic effects.
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Appendix A

Tab le 5.

Mean feed efficiency (f)± S. E.a of rats fed a given level
of a halogenated phenol or pyridinol

Dietary treatment

Feed efficiency

Std error X

3,5,6-trichloro-2-pyridinol
Control
100 ppm
200 ppm
400 ppm

0.341
0.336
0.323b
0.318

±0 .014
::1-0.006
±o.oo7
::1-0.009

0 . 351
0.346
0.364
0 . 354

±o . oos
±o . o17
±o.o15
±o . ou

0.365
0 . 352
0 . 360b
0.346

±0 . 010
±0 . 020
±0 . 003
±0.008

0.365
0 . 360
0 . 355
0.352

±0.008
±0.006
-Jo0.015
±0.008

o. 308
0.312
0.327
0 . 307

±0.013
±0. 020
-JoO. Ol5
±0 . 003

0.350
0 . 322c
0.354
0.358

±0.005
±0 . 012
±0 . 010
±0.016

2,6-dimethyl-3,5-dichloro4-pyridinol
Control
100 ppm
200 ppm
400 ppm
2,6-dimethyl-4-pyridinol
Control
100 ppm
200 ppm
400 ppm
2,4,6-trichlorophenol
Control
100 ppm
200 ppm
400 ppm
2,4,5-trichlorophenol
Control
100 ppm
200 ppm
400 ppm
4-bromo-2,5- dichlorophenol
Control
100 ppm
200 ppm
400 ppm
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Table 5.

Continued

Dietary treatment

Feed efficiency

Std error X

Pentachlorophenol
Control
100 ppm
200 ppm
400 ppm

n. 29ob
0.314b
o. 306d
0.231

±rl. 007
±0 .001
±0.006
±0.021

Control
.05%
1. 0 %
2.0%

o. 299d

±0. 012d
±0 .012
±O. OlOe
±0.012e

Thiourea
0.193
0 .11 3e
0.021

aStandard error of the mean; each value represent s an average of five
animals.
b

P(.20)

cP( .l0)
d

P(.05)

2
2
2

~(.001)2
fTotal weight gain/total feed consumed .
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Appendix B
Table 6.

Mean relative thyroid weight of rat s fed a given l evel of
halogenated phenol or pyridinol

Dietary treatment

mg tissue/100 g body weight
mg

Std errora

3,5,6-trichloro- 2-pyridinol
Control
100 ppm
200 ppm
400 ppm

6.04b
7.36b
7.29
6.33

±0.36
±0. 74
±0.62
±0.90

7.30
7 .4 2d
6 . 32
8 . 11

±0.3()
±0. 59
±0. 30
±0. 76

7 .3 6
7.62
6.57
6.82

±0 .49
±0.60
±0. 31
±0 . 35

7.47
7 . 81
7 . 35
8 .03

±0. 61
±0.41
±0. 34
±0.49

7 . 28
6.92
7 . 38
7 . 67

±0. 62
±0 . 52
±0 . 55
±0. 57

7 . 30
7.73
7.84
6 .35

±1. 06
±0.26
±0 . 47
±0.23

2,6-dimethyl- 3,5- dichloro4-pyridinol
Control
100 ppm
200 ppm
400 ppm
2 , 6- dimethyl-4-pyridinol
Contro l
100 ppm
200 ppm
400 ppm
2,4,6-trichlorophenol
Control
100 ppm
200 ppm
400 ppm
2,4,5-t richlorophenol
Control
100 ppm
200 ppm
400 ppm
4- bromo-2,5-dichloroph enol
Control
100 ppm
200 ppm
400 ppm
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Table 6.

Continued
mg tissue/100 g body weight

Dietary treatment

mg

Std errora

Pentachlorophenol
Control
100 ppm
200 ppm
400 ppm

7.75
7.26
9.83c
8.49

±0. 72
±0.61
±0.92
±0. 48

8 . 62
40 . 44e
45.75e
35.88e

±0. 62
±2. 74

Thiourea
Control
0.5 %
1.0%
2.0%

±5.44
± 3.34

aStandard error of the mean; each value represents an average of five
animals .
bP( . 20) 0
c

d

~

P(.l0)

2

P(.OS)
2
eP(.001)

2
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Appendix C
Table 7.

Serum thyroxine level of rats fed a given l evel of
halogenated phenol or pyridinol

Dietary treatment

Mean

~g

T4/lOO ml serum
Std errora

Pentachlorophenol
Control
100 ppm
200 ppm
400 ppm

4.73
l.l.2e

o.ooe

0 . 20e

±0.21
±0.33
±0.00
±0. 32

Thiourea
Control
.05%
1.0%
2.0%

±0.19
±0.21
±0 . 09

Phosvel
1.5%

2.0

±0 . 50

1. 5 %

1.85

±0.05

5 .7 4
6 . 14
5 . 22
5.88

±0.27
±0.90
±0 . 44
±0.42

6 . 78
7 . 98c
7.46
7.70

±0 . 39
±0.43
±0 .59
±0 . 66

Chlorpyrifos

2 ,6-dimethyl-3,5-dichloro4-pyridinol
Control
100 ppm
200 ppm
400 ppm
2,6-dimethyl-4-pyr idinol
Control
100 ppm
200 ppm
400 ppm
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Table 7.

Continued
Mean \lg T/ 100 ml serum

Dietary treatment
X

Std error

a

2,4,6-trichlorophenol
Control
100 ppm
200 ppm
400 ppm

4.88b
5 . 60
4 .98
4.42

±0 . 35
±0. 32
±0.21
±0. 38

4 . 73
4.62
5.06
4.76

±0.15
±0. 30
±0.38
±0.44

8.04
7. 94d
6 . 28
4 . 70e

±0. 35
±0 . 30
±0.56
±0 . 28

5.68f
7.08
5 . 60
4.78c

±0 .29
±0 . 18
±0. 36
±0 . 29

3 ,5,6-trichloro-2-pyridinol
Control
100 ppm
200 ppm
400 ppm
4-bromo-2,5-dichlorophenol
Control
100 ppm
200 ppm
400 ppm
2,4,5-trichlorophenol
Control
100 ppm
200 ppm
400 ppm

aStandard error of the mean; each value represents an average of five
animals.
b

P(.20)

CP(.l0)
d

2
2

P(.05)

2
~(.001)2
f

P( .005)

2
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